Ge nanocrystals randomly dispersed in amorphous silica films were prepared by magnetron cosputtering and postannealing to investigate the polarization characteristics of Raman scattering from the Ge nanocrystals. Two acoustic vibrational modes observed in the low-frequency Raman spectra were shown by theoretical calculation based on the isotropic continuum elasticity theory to be the torsional modes activated by elastic anisotropy and the nonspherical shape of the Ge nanocrystals. Enhanced depolarized scattering was also observed from the optical phonons of the Ge nanocrystals.
Nanocrystals ͑NCs͒ of semiconductors including Si and Ge have been intensely investigated because of their extraordinary electrical and optical properties at the nanometer scale and potential applications. [1] [2] [3] [4] These properties originate from electron or vibration confinements as well as surface effects. Confined acoustic phonon vibration that can be characterized by low-frequency Raman scattering usually exhibits an inverse correlation between the peak frequency and average particle size. [2] [3] [4] It has been found that the acoustic vibration frequencies of spherical NCs with free surface agree well with those predicted by Lamb's theory. 5 With regard to embedded NCs in which coupling between vibrations of the NCs and matrix is strong, the vibrational spectrum becomes continuous. In this case, a complex-frequency ͑CF͒ model has recently been developed by Verma et al. 4 and Murray and co-workers 6, 7 to interpret their experimental results of CdS x Se 1−x or Si NCs dispersed in glass.
Recently, theoretical work by Cheng et al. 8 indicates that Lamb's theory and the continuum assumption are applicable to free Ge NCs larger than 4 nm. The acoustic phonon vibration of Ge NCs embedded in amorphous ͑a͒ GeO 2 ͑a-GeO 2 ͒ ͑Ref. 9͒ and a-SiO 2 ͑Refs. 10 and 11͒ has been experimentally studied. The peak frequency and peak width are observed to depend on the particle size 10, 11 and polarization configuration. 9, 11 However, due to small acoustic impedance mismatch between the Ge NCs and matrix as well as the particle size distribution, the Raman peaks are quite broad and the multimode acoustic vibration may not be discerned properly. Moreover, the effects of the nonspherical shape and elastic anisotropy of the Ge NCs and especially those of the polarization configuration are still unclear and more detailed investigations on acoustic vibration of Ge NCs are necessary. In this work, we investigate the vibration coupling between the Ge NCs and a-SiO 2 matrix by means of Raman scattering employing various polarization configurations in conjunction with theoretical calculation using the CF model. Two adjacent acoustic phonon modes are observed and assigned as the torsional modes that are activated by the elastic anisotropy and nonspherical shape of the Ge NCs. The influence of the polarization configurations on the optical phonon peak of the Ge NCs is also studied.
SiO 2 / SiO 2 : Ge/ SiO 2 sandwich films were prepared on Si͑100͒ substrate by magnetron cosputtering and postannealing. 11 The surface morphology and particle size distribution of the Ge NCs were characterized by highresolution transmission electron microscopy ͑HRTEM, JEOL-2010͒. Raman scattering was performed on a JobinYvon T64000 triple Raman system at room temperature in the backscattering geometry in near-resonance condition with the 514.5 nm line of an Ar + laser. Various polarization configurations were employed in the Raman scattering experiments by varying the excitation polarization using a halfwavelength lens. Figure 1 depicts a typical HRTEM image of the Ge NCs on the sample annealed at 800°C. The randomly dispersed Ge NCs have a low defect density and do not exhibit pronounced facets. The inset of Fig. 1 shows the corresponding particle size distribution which is roughly Gaussian with the peak at 4.6 nm and a width of 2.2 nm. Figure 2 displays the depolarized Raman spectrum of the sample showing four regions ͑R1 to R4͒. According to our previous work, 11 R1 and R4 arise from the acoustic and optical phonon vibrations of Ge NCs, respectively. R2 and R3 stem from the TA and TO phonons of a-Ge, respectively, according to the Raman spectrum of the as-deposited sample ͑see the inset in Fig. 2͒ .
Figures 3͑a͒-3͑e͒ show the low-frequency Raman spectra of the above sample at five different polarization configurations. The minor contribution of the amorphous component has been carefully subtracted based on the Raman spectrum of the as-deposited sample. The acoustic phonon peak is observed to be continuous with the polarization configurations and clearly exhibits two vibrational components. Generally, the Raman spectrum of the Stokes component can be expressed as follows:
where n͑͒ is the Bose factor and g i ͑͒ and C i ͑͒ are the density of the vibrational modes and the light-vibration coupling coefficient of the modes of type i, respectively. For low-frequency acoustic vibration at room temperature, n͑͒ +1Ϸ kT / ប, = ␣ i / d, and
where ␣ i is a constant and f͑d͒ is the particle size distribution. Usually, for near-resonance Raman scattering, 13 C i ͑͒ is proportional to 4 . Hence, we obtain I i ͑͒ ϰ f͑␣ i / ͒ and the two acoustic vibration components can be set as follows:
͑2͒
where d and w are the peak size and width of the particle size distribution ͑Gaussian͒, respectively, and I 0i , i , and ⌫ i are the intensity, energy, and damping of component i at the peak size, respectively. The Lorentz function L͑ , Ј͒ is used to describe the homogeneous broadening ͑damping͒ caused by particle/matrix coupling. 6 An inverse relationship between the frequency or damping and the particle size is applied. Deconvolution of the five Raman spectra gives the energy and damping of the two components as ͑ 1expt = 16.4 cm −1 , ⌫ 1expt = 2.7 cm −1 ͒ and ͑ 2expt = 27.4 cm −1 , ⌫ 2expt = 2.2 cm −1 ͒. Based on the polarization dependence of the Raman intensity ͑see the inset in Fig. 3͒ , the depolarization ratios ͑ = I Ќ / I ʈ ͒ of the two components are 1 = 0.64 and 2 = 0.27, respectively.
To theoretically identify the two vibrational modes, numerical calculation is carried out based on the CF model for the mechanical vibration of an isotropic homogeneous elastic sphere in good contact with a macroscopic matrix. 6, 7 The simulation is performed using the programs provided by Saviot to calculate the complex roots ͑ , ⌫͒ qln of the eigenvalue equation D = 0, where D is the determinant of a ͑2 ϫ 2͒ or ͑4 ϫ 4͒ matrix, q can be spheroidal ͑sph͒ or torsional ͑tor͒, l is the angular momentum number, and n is the mode index. The average sound speeds and densities of Ge NCs and the matrix are set as follows: l,Ge = 5250 m / s, t,Ge 
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The simulation results reveal only five modes in the wide regions of ഛ 30 cm −1 , ⌫ഛ20 cm −1 , and l ഛ 5, as shown in Table I . The best candidate for mode 1 is the ͑tor, l =1, n =0͒ mode with ͑ 1calc = 16.0 cm −1 , ⌫ 1calc = 5.0 cm −1 ͒. The best candidate for mode 2 is the ͑tor, l =2, n =1͒ mode with ͑ 2calc = 25.6 cm −1 , ⌫ 2calc = 5.0 cm −1 ͒. The present calculated dampings are slightly larger than the experimental ones and it is likely due to idealization of the model. Generally, NC/matrix interfaces are not sharp as in the case of Si NCs in a-SiO 2 . 16 It is believed that introduction of a thin layer with low acoustic impedance between the NCs and matrix would effectively decrease the damping. 17 However, such a condition unlikely suits the Ge NCs formed in a-SiO 2 by hightemperature annealing. We believe that the bridge bonds in the interface, 18 which decrease the contact between the NCs and matrix, is the most probable reason for the decreased damping in our experiments. It should be noted that the ͑tor, l =1, n =0͒ mode is a librational mode which will be Raman inactive without either elastic anisotropy or a nonspherical shape. 7 Observation of the ͑tor, l =2, n =1͒ mode, which does not satisfy the selection rule for Raman scattering based on group theory, 8 arises from the presence of odd deformation due to the slight asymmetry of the shape of NCs. 19 The intensity ͑not the energy͒ of the optical phonon peak of Ge NCs is found to depend on the polarization configurations, too. The depolarization ratio can be determined from Fig. 4 to be 0.68. The results of bulk materials shown in Fig.  4 are taken from the experiments described in Ref. 20 on Si crystals with ͑100͒, ͑110͒, and ͑111͒ surfaces. Since both Ge and Si crystals have the diamond structure, the polarization dependence of their Raman scattering should be the same. It can be clearly seen that the polarization characteristics of the optical phonon peak of Ge NCs is close to that of Si crystal with the ͑111͒ surface and very different from that of Si ͑100͒ or ͑110͒. We compare the Raman intensity of Si crystals with the three orientations and find that they are close at = 0°. Therefore, depolarized scattering from the optical phonons of Ge NCs is significantly enhanced compared to that from the bulk materials. Structural disordering at the surface of Ge NCs is likely to cause this enhancement, because the depolarization ratio of the TO phonon peak of a-Ge is about 0.61. The exact origin still requires further investigation.
In conclusion, we have investigated the polarization characteristics of Raman scattering of Ge NCs embedded in a-SiO 2 . Two acoustic modes are observed and assigned to torsional modes according to theoretical calculation. Enhanced depolarized scattering is also observed from the optical phonons of Ge NCs. 
